In the emerging field of tissue engineering, organ replacements are fabricated on the basis of a biodegradable carrier -the scaffold -seeded with the patient's own cells. The carrier, which can either consist of a biologically derived material or a synthetic polymer, provides the developing tissue with sufficient mechanical properties during the in vitro culturing period. Despite the success of this approach, problems arose concerning the mechanical properties of engineered tissues that serve a predominantly biomechanical function, such as heart valves. Increasing evidence suggests mechanical conditioning as a valuable method to increase the mechanical properties of engineered tissues prior to implantation [1] . Tissue-engineered heart valves cultured in a bioreactor with mechanical stimulation have shown functionality for prolonged periods of time when placed in the pulmonary position in animal models [2] . Still, these heart valve replacements appear to lack mechanical strength to withstand stresses arising at the aortic position. Optimizing the in vitro mechanical conditioning protocol might help solving this problem. 
In current bioreactors, two separate mechanical stimuli are applied simultaneously to the tissue to mimic the opening and closing behavior of the native heart valve. Increasing levels of cyclic flow (125 to 750 ml/min) and pressure (30 to 55 mm Hg) were applied [2] , resulting in cyclic (shear) stresses and strains. Studying the effect of each separate stimulus on the tissue development in engineered heart valve tissue will provide new data and insights into the optimal in vitro conditioning protocol. The present study addresses the effect of one of these stimuli, cyclic strain, on the tissue development and mechanical properties in engineered heart valve tissue.
Materials and Methods
Cell isolation, cultivation and engineering of heart valve tissue: Human venous myofibroblasts were harvested from the saphenous vein and expanded using regular cell culture methods [3] . Rectangular shaped scaffolds (1.0 4.0 cm) composed of nonwoven polyglycolic-acid mesh (PGA; thickness 1.0 mm; specific gravity 69 mg/cm 3 ; Cellon S.A.) were coated with a thin layer of poly-4-hydroxybutyrate (P4HB; MW: 1 10 6 ; TEPHA Inc., Cambridge, MA) [4] and cold-gas sterilized. To facilitate cell attachment, the scaffolds were incubated in culture medium composed of DMEM (Gibco BRL), supplemented with 10 % FBS (HyClone) and 0.1 % gentamycin (PAN) for 24 hours, followed by seeding of venous myofibroblasts (passage 5 -6) at a density of 5 10 6 cells per square centimeter in three steps with intervals of two hours.
In vitro culturing and mechanical conditioning of engineered heart valve tissue: After seeding, the constructs were statically cultured in a humidified incubator (378 C, 5 % CO 2 ) for 7 days. To promote matrix production, L-ascorbic acid 2-phospate (Sigma) was added to the culture medium [5, 6] . After that, the tissue constructs (n = 3) were placed in a custom-built straining device ( Fig. 1 ) for exposure to increasing cyclic strains starting at 2 % up to a maximum of 7.9 and 10 % for an additional 14 days. Corrections were made for the permanent deformation of the scaffold material during straining (see below). About three-quarters of the medium (DMEM, supplemented with 10 % FBS, 0.3 % gentamycin, 1% amphotericin-B (PAN) and L-ascorbic acid 2-phosphate) was changed every 4 days. Controls (n = 3) were grown under statically conditions accordingly.
Scaffold deformation during mechanical conditioning
To determine the permanent deformation of the scaffold, rectangular unseeded scaffolds (3.5 0.35 0.1 cm, n = 3 per tested group) were pre-wetted for 24 hours in culture medium and strained with 5, 10 or 15 % cyclic strain for 24 hours in the straining device in culture medium. The length difference of the scaffold before and after straining was determined, resulting in an equation describing the deformation behavior at various strains, which was used to adjust the straining protocol every 2 -4 days.
Evaluation of qualitative tissue properties
After 21 days of culturing, representative pieces of the constructs were fixed in 4 % phosphate-buffered formalin and embedded in paraffin. Sections were cut at 5 m thickness and studied by Hematoxylin and Eosin (H & E) and Masson Trichrome stains. Additional samples were prepared for scanning electron microscopy (SEM) and transmission electron microscopy (TEM). For SEM, samples were fixed in 2 % glutaraldehyde (Fluka), gradientdehydrated at critical point and sputtered in AuPd. For TEM, samples were fixed for 2 -3 days prior to further processing in 2.5 % glutaraldehyde in phosphate buffer (0.1 M, pH 7.4) and further fixed in osmium tetroxide, dehydrated in graded alcohol and embedded in epon. Ultrathin sections were cut (60 -80 nm) and contrasted with acetate and lead citrate. To visualize viability and cell orientation, a representative portion of the constructs was stained with the viable CellTracker Green (CTG) / Propidium Iodide (PI) staining (Molecular Probes) and visualized using confocal laser scanning microscopy (CLSM; Leica TCS-SP; Heidelberg, Germany). This staining can be applied several times in one construct to monitor viability and orientation of the cells during culturing [7] .
Evaluation of quantitative tissue properties
Biochemical assays for total DNA content, hydroxyproline and glycosaminoglycans were performed on lyophilized samples of each construct (minimum n = 3 per assay per construct) and the values of the strained constructs were compared to those of the statically cultured constructs. Total DNA content was determined according to the QIAmp DNA Mini Kit (Qiagen; Basle, Switzerland). Hydroxyproline content was determined as described by Hoerstrup et al. [5] with some minor modifications. In short, lyophilized samples were hydrolyzed under pressure using 2M NaOH and subsequently oxidized using a chloramine-T solution. Ehrlich's reagent was added and after developing of the chromophore for 2 hours at 378 C; absorbency was read at 570 nm. Absorbency readings were plotted against a standard curve. The glycosaminoglycan content of the constructs was determined using a modification of the assay described by Farndale et al. [8] . In short, lyophilized samples were digested in papain solution overnight at 608 C. The digestion was aborted by heating the samples to a temperature of 958 C for one hour. Dimethylmethylene blue color reagent was added and absorbency was read at 540 and 595 nm and the absorbency value at 595 nm was extracted from the absorbency value at 540 nm. These absorbency Fig. 1 The straining device, consisting of a frame (1) that holds a vented culture chamber (2) with stainless steel clamps (3) for the tissue (4) and silicone membranes (5) to maintain sterility. One of the clamps is connected to a computer-driven linear actuator to apply cyclic straining to the tissue (represented in the figure as percentages of the original construct length). The whole set-up is placed in a humidified incubator during culturing.
readings were plotted against a standard curve to determine the amount of glycosaminoglycans in the constructs.
Evaluation of mechanical tissue properties
The mechanical properties of the tissue constructs (minimum of 3 samples per construct) were analyzed using a uniaxial tensile tester (Instron, model 4411, equipped with a load cell of 10 N). A constant strain rate of original sample length per minute was used for all samples. Engineering stress-strain curves up to breakage were obtained by normalizing the load-displacement data for the initial sample surface. The ultimate tensile strength for each sample was assessed from the stress-strain curves to obtain mean values for the constructs. The stiffness of the tissue was measured by defining the Young's modulus (the slope of the curve at the interval of 15 -20 % strain). Sample data were averaged to obtain construct values.
Data analysis
Results are expressed as percentage values of the strained constructs compared to the unstrained constructs, which are set at 100 % € the standard error of
Results
Scaffold deformation and mechanical conditioning of the constructs Deformation of the PGA / P4HB coated non-woven meshes can be described by the equation: y = 0.25 2 -0.14 -0.02, where y represents the percentage deformation of the applied strain and x represents the percentage applied strain with a R 2 of 1. For mechanical conditioning of the tissue constructs, each strain increase was corrected for this deformation, resulting in straining protocols varying from 2 -7 %, 2 -9 % and 2 -10 %.
Evaluating qualitative tissue properties
The H&E staining showed more tissue formation and organization in strained constructs compared to statically cultured con- structs (Fig. 2 a, 2 b) . The statically cultured constructs showed tissue formation mainly at the surface, which is less dense, compared to the strained constructs, while the strained constructs showed more ingrowth into the inner parts of the scaffold. Masson trichrome staining showed extracellular matrix formation, mainly consisting of glycosaminoglycans and collagen, in all tissue constructs. The amount of matrix formation was increased in the strained constructs (Fig. 2 c,2 d) . SEM images of the surfaces of the constructs show a smoother and denser surface layer for the strained constructs compared to the statically cultured constructs (Fig. 3 a,3 b) . TEM images show viable cells and the presence of extracellular matrix, more pronounced and organized in the strained constructs (Fig. 4 a,4 b) . Viability was high as shown by the CLSM images; the cells were oriented randomly in the statically cultured constructs versus cell orientation mainly in the direction of the applied strain in the strained constructs (Fig. 5 a, 5 b) .
Evaluation of quantitative tissue properties
Compared to statically cultured constructs, the total DNA content was 168 € 67 % in the construct cultured with maximum strains of 7 %, 212 € 47 % in the construct cultured with maximum strains of 9 % and 227 € 6 % in the construct cultured with maximum strains of 10 %. The differences were statistically significant for strains of 9 % and larger (p < 0.005). Hydroxyproline content increased from 116 € 54 % to 171 € 23 % in the strained constructs strained with respectively a maximum of 7 and 9% versus statically cultured constructs. The difference with statically cultured constructs was statistically significant by a maximum strain of 9 % (p = 0.006). The amount of glycosaminoglycans increased from 109 € 15 % at a maximum strain of 9 % to 185 € 37 % at a maximum strain of 10 % compared to statically cultured constructs. The difference in glycosaminoglycans content of strained constructs with statically cultured constructs was significant at a maximum of 10 % strain (p = 0.007).
Evaluation of mechanical tissue properties
The ultimate tensile strength of the strained constructs increased from 120 € 42 % in the construct cultured under a maximum strain of 7 % to 141 € 39 % for maximum strains of 9 % and 255 € 55 % for maximum strains of 10% compared to statically cultured constructs. The ultimate tensile strength was significantly larger compared to statically cultured constructs for strains larger than 9 % (p = 0.03 for 9 % strain and p < 0.005 for 10 % strain). The Young's modulus increased from 93 € 45 % to 200 € 75 % and 308 € 151 % for constructs cultured under maximum strains of 7, 9 and 10 % respectively compared to statically cultured constructs. The difference with statically cultured constructs was significant at strains larger than 9 % (p = 0.01 for 9 % strain and p < 0.005 for 10 % strain).
Discussion
Exposure of engineered smooth muscle tissue to cyclic strains of 7% for prolonged periods of time has already shown its benefits compared to statically culturing [9, 10] . In this study, engineered heart valve tissues cultured under increasing cyclic strain up to 10 % were superior over statically cultured tissues regarding the amount and organization of newly developed tissue, mechanical properties, smoothness and density of the surface layer and cell orientation. The effect was more pronounced and statistically significant when using larger strains (9 -10 %). Thus, we conclude that large strains may play an essential role in early tissue development -in addition to what has been hypothesized so far and to what is currently done by applying flow and pressures that results in minimal tissue strains [2, 11] .
The effect of flow on the tissue development by myofibroblasts is not completely clear, as some state improved tissue development [12] , while others state an inverse effect on cell proliferation [13, 14] . From a co-culture study of endothelial cells and myofibroblasts, it was shown that exposure of endothelial cells to flow stabilized the underlying myofibroblasts by reducing cell proliferation [15] . By measuring the biosynthetic activity in porcine heart valve leaflets with and without exposure to flow, it has been demonstrated that flow over the leaflets resulted in biosynthetic activity levels closer to the native values. The biosynthetic activity in heart valve leaflets that were not exposed to flow was increased [16] . This further indicates a stabilizing effect of flow on tissue development. We hypothesize that exposure to flow is desired when seeding the engineered tissue with endothelial cells in a later phase of the tissue engineering process to provide a protective and non-trombogenic layer over the newly developed tissue. At this stage, the endothelial cells may stabilize the tissue under the exposure of flow to prepare the tissue for implantation.
A new bioreactor is being developed in which the hypothesis of using large strains in early tissue development will be tested on a trileaflet heart valve. For this purpose, the elastic properties of the scaffold should mimic the deformation in the leaflets by applying pressures existing in the native valve at diastole. Visualization of the orientation, density and remodeling of the formed collagen network in the newly developing tissue is another issue that is being investigated at the moment, as this network will provide the mechanical strength to the tissue. Numerical models are being used to predict the formation and remodeling of this network under different mechanical conditions in tissue engineering applications [17] .
The undesired permanent deformation of the used scaffold has implications for the interpretations of the results in this study. The exact time lapse of this deformation as well as the effect of the newly developed tissue in combination with the degradation of the scaffold on this deformation is not known. Despite the corrections made for the deformation in the calculated strain protocols, it is possible that the cells actually experienced less or more strain than mentioned over the culturing periods. Furthermore, straining might accelerate the degradation process of the scaffold as more scaffold surface is exposed to the culture medium when strained, although this was qualitatively not observed. Studies are being addressed to improve the used scaffold for more elastic properties comparable to the native valve tissue and thereby preventing large permanent deformations.
In the present study, we applied increasing strains, starting at relatively low levels (2 %). Considering the beneficial effect on tissue formation, we speculate that conditioning protocols that initiate at even higher levels of straining could be more effective. Further investigations will elucidate the optimal straining regime, i. e. in terms of strain magnitudes, time of straining, and possible strain-relieve periods.
